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Abstract 
Computational continuum codes can provide many details on the response of metals to explosive loading.  However, most 
“production” level calculations use a homogeneous description of the metal.  This is an incorrect representation since metals 
possess a microstructure whose details create variations in material strength and other properties such as strain to failure.  
Ultimately these variations influence the formation of fragments at the macroscopic level.  The spatial scale of the 
microstructure is on the order of micrometers and is not readily accessible to current computational tools and resources for 
system level calculations.  Rather than explicitly model the microstructure one can attempt to capture the effects of material 
non-homogeneity through the use of a statistical description.  Specifically, a statistically compensated Johnson-Cook 
fracture model can be used to simulate the non-homogeneity of a material.  This analysis proceeded in two steps using 
experimental data available from earlier fragmentation work conducted on AerMet100 steel.  In those experiments, a sphere 
was fractured by impact with a thin plate and a cylinder was fractured through explosive loading.  Therefore, the sphere and 
the cylinder experienced significantly different triaxial stress states.  In the first step, the distribution of failure strains 
required to produce an accurate solution for the explosively loaded cylinder was determined via Eulerian-Lagrangian 
calculations using Sierra Fortissimo.  Sierra Fortissimo is a tool that allows for different code coupling techniques between 
CTH and Sierra Presto.  In the second step, this distribution was applied to the sphere impact using the explicit dynamics 
code Sierra Presto.  Comparisons of the sphere calculation results are made to the experimental fragmentation data and the 
results are analyzed in the context of triaxial stress states. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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ε strain  
εF failure strain 
εDot strain rate 
m Weibull modulus 
a Weibull scale factor 
P pressure 
Y yield stress 
T temperature 
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1. Introduction 
The fracture and fragmentation of materials subjected to high strain rate loading is a relevant topic for explosively driven 
metals, high velocity impacts and other energetic scenarios that are of continuing interest to the Department of Defense.  
Both the underlying physics and the development of predictive tools continue to be investigated.  Many people have 
advanced this topic, but two British physicists, N.F. Mott and G.I. Taylor made fundamental contributions during and 
shortly after World War II [1,2].  Later, D.E. Grady expanded upon this work [3].  More recently, researchers such as T.J. 
Vogler, D.M. Goto and R.M. Brannon have made use of more sophisticated diagnostics and computational tools to further 
probe the complex shock physics that occur under explosive loading [4,5,6].  The early work of Mott and Taylor used 
purely analytical techniques whereas Grady used both analytical expressions and contemporary numerical codes.  A key 
feature of Grady’s work uses statistical equations to address the fact that metals have non-homogeneous material properties.  
The role of non-homogeneity continues to be a focus for the current research.  
Computational continuum codes can provide many details on the response of metals to explosive loading.  However, 
most “production” level calculations use a homogeneous description of the metal.  This is an incorrect representation since 
metals possess a microstructure whose details create variations in material strength and other properties such as strain to 
failure.  Ultimately these variations influence the formation of fragments at the macroscopic level.  The spatial scale of the 
microstructure is on the order of micrometers and is not readily accessible to current computational tools and resources for 
system level calculations.  Rather than explicitly model the microstructure one can attempt to simulate the effects of 
material non-homogeneity through the use of a statistical description.  Specifically, it is possible in Sierra Presto to apply 
statistical distributions to material model parameters.  In this analysis, a distribution was applied to initial failure strains 
used in the Johnson-Cook (JC) fracture model. 
The current investigation focused on predicting the fragmentation of AerMet100 steel.  Previous computational analysis 
assumed homogeneous AerMet100, but utilized a Poisson corrected Grady-Kipp model to account for material non-
homogeneity [7].  The current analysis utilized a Weibull compensated Johnson-Cook fracture model to explicitly calculate 
fragment distributions.   Two series of experiments that produced fragmentation of AerMet100 steel were examined.  The 
Naval Surface Warfare Center Dahlgren Division conducted experiments to characterize the fragmentation of an explosively 
loaded cylinder [7].  Sandia National Laboratory conducted sphere impact tests under conditions that caused the sphere to 
fragment [8]. 
2. Fragmentation Tests Description 
The Naval Surface Warfare Center Dahlgren Division (NSWCDD) conducted a test series with high-explosive filled 
cylinders to characterize metal fragmentation due to explosive loading.  Fig. 1shows a cutaway view of the test 
configuration on the left.  The barbette that surrounded the explosive test article had a 10° arc removed which allowed a 
narrow beam of fragments to reach the soft fragment recovery (clay and Celotex).  The AerMet100 cylinder outer diameter 
and thickness were 21.97 cm and 0.82 cm respectively.  The main charge explosive was center initiated with a booster.  The 
test setup included a high-speed framing camera, flash radiography and soft fragment recovery.   The high-speed framing 
camera captured the case expansion and onset of fracture.  The flash radiography provided fragment velocity and polar 
ejection angle distribution.  The soft fragment recovery was used to collect fragments in order to determine fragment mass 
distribution.  The cylinder was placed on a stand inside a heavy concrete barbette with a window.  Three percent of the 
original mass was recovered where the average fragment mass was 2.2 grams and average aspect ratio was 1.7.  This 
fragmentation data was used for the Sierra Fortissimo analysis discussed below. 
A second test series was also examined where spheres were shot into alumina and fused silica plates using a light gas gun 
at Sandia National Laboratory (SNL).  Fig. 1 shows the test configuration on the right.  The 0.953 cm diameter spheres 
where launched at between 1.8 and 3.9 km/s.  The plate thickness was varied from 0.313 to 0.385 cm.  Flash radiography 
was used to obtain images of the deformed projectile or fragment debris at three locations downstream from the impact 
point.  This radiographic data was used to determine extent of deformation, breakup threshold, change in axial velocity, 
induced radial and axial expansion velocity and fragment size distribution.   
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Fig. 1 Configurations for cylinder and sphere tests 
3. Explicit Statistical Approach 
The Johnson-Cook (JC) fracture model uses a scalar damage equation for predicting failure of materials [9].  The 
material fails when the damage parameter, D, reaches unity.  The strain to fracture εF parameters include equivalent plastic 
strain rate εDot, pressure P, parameters D1 through D5, the local yield stress Y, and the homologous temperature THOM.  The 
homologous temperature is calculated from the current temperature T, the room temperature TRoom, and the melting 
temperature TM.  Initial failure strain εF0 can be varied using a Weibull statistical distribution function if desired.  The 
Weibull distribution is used to simulate subgrid physics such as microstructure or adiabatic shear banding. 
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The Weibull cumulative distribution function (CDF) and the probability density function (PDF) are provided in 
equations 5 and 7 respectively where the parameters include the scale factor a, modulus m, and failure strain ε.  In the 
current analysis, both the scale factor (a) and Weibull modulus (m) were varied to generate an accurate fragment mass 
distribution.  The sum of the JC fracture model constants, D1 and D2, equals the initial failure strain.  However, with this 
approach the initial failure strain is also the mean of the failure strain distribution.  A mean failure strain of 0.86 was 
determined for AerMet100 through a combination of testing and analysis [5].    For this analysis, D1 and D2 were set to 0.0 
and 0.86 respectively. 
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4. Calculations and Discussion 
In the cylinder tests, the explosive was in direct contact with the AerMet100 shell.  Due to the magnitude of the 
detonation wave as it propagates along the shell, the shell deforms on the same timescale as the detonation itself.  In other 
words, the fluid dynamics of the detonation and the structural mechanics of the shell are coupled.  This can be observed in 
the high-speed video from the test, Fig. 2. 
 
Fig. 2. High-speed video of explosively loaded cylinder 
The CTH shock physics code developed by Sandia National Laboratory [10] was used to capture the fluid structure 
interactions of the cylinder test.  The CTH calculation was run in full 3D and used an adaptive mesh in order to increase 
efficiency.  Both the PETN and CompB3 were modelled using the History Variable Reactive Burn (HVRB) with the default 
parameters in the CTH material model database [11].  The yield surface of the AerMet100 was modelled using the Johnson 
Cook strength model and the failure was modelled using the Johnson Cook fracture model [12].  An example solution is 
shown in Fig. 3.  The figure shows a cutaway view of the test article at 0, 12 and 40 Ps.  The material legend is shown on 
the right and pressure contours are superimposed over the material plot.  The units for pressure are dynes/cm2.  The blocks 
represent the structured mesh where each block is 10 by 10 cells.  Note that the adaptive mesh followed the detonation wave 
and the expanding shell. 
 
Fig. 3. CTH blast pressure calculation (cutaway view) 
Previous analysis had shown that advection errors inherent in Eulerian codes caused unwanted diffusion of the analyst 
applied Weibull distribution on the initial failure strains [13].  However, in a Lagrangian code, the original distribution 
remains unchanged through time.  Therefore, the Lagrangian explicit dynamics code, Sierra Presto was used for the 
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fragmentation calculation.  The pressure solution from the CTH calculation was captured and applied to the finite element 
mesh in a Sierra Presto calculation via Sierra Fortissimo.  An example of this is shown below in Fig. 4 where the blast 
pressure from the CTH calculation is applied in the Sierra Presto calculation as a boundary condition.  The pressure units 
are dynes/cm2.  As with the CTH calculation, the JC strength and fracture models were used in the Sierra Presto calculation.  
The resulting shell expansion velocity from the Sierra Presto calculation was approximately 1.84 km/sec.  This was 
consistent with the measured velocity from the tests. 
 
 
 
Fig. 4 CTH Blast Pressure Applied to Finite Element Mesh (Cutaway View) 
 
From equation 7, two parameters, the Weibull modulus (m) and the scale factor (a) control the probability density 
function.  In this analysis those two parameters were used to control the distribution of D2 from equation 4.  Sierra Presto 
calculations using different combinations of scale factors and Weibull moduli were run in order to generate different 
fragmentation results. 
Selected results of this analysis are shown in Fig. 5.  On the left, the expansion of the cylinder is shown with JC damage 
contours.  Note that two points in time, 0 and 100 Ps, are shown in the same image.  The cylinder at time zero has no 
damage so it appears entirely in blue.  Later, the cylinder has fragmented due to the explosive pressure and the edges of the 
individual fragments are shown in red due to being fully damaged.  On the right, three solutions are shown in comparison to 
the test data.  The cumulative fragment masses are normalized because as mentioned earlier, only a small percentage of the 
fragments were captured in the Celotex bundles.  The fragment distributions shown here all had the same scale factor, 0.05, 
but had different Weibull moduli.  The solution with a Weibull modulus of 6 produced the solution closest to the test data.  
These parameters were then used in the sphere impact calculation.  
 
 
 
Fig. 5 Exploding Cylinder Sierra Presto calculation results 
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The sphere impact calculation was conducted with Sierra Presto using both finite elements and Smooth Particle 
Hydrodynamics (SPH) [14].  Specifically, the embedded particle function was used.  In this technique, the calculation 
begins with a SPH particle in each finite element.  As the elements were eroded based on numerical or physical criteria, the 
solid element was removed from the calculation and the particles were freed to interact with other particles and solid 
elements.  This allows one to conserve the mass in a problem where the use of standard element erosion would result in 
excessive mass loss.  Both the Johnson Cook fracture model parameters and the statistical parameters from the cylinder 
calculation were used in the sphere impact calculation.  Test shot Aerfrag-4 impacted an alumina plate thickness of 3.81 mm 
with a velocity of 3.90 km/s.  This combination of plate material and impact velocity produced enough deformation strain to 
fail the sphere.  In addition to determining the fragment distribution, the expansion of the debris cloud was also determined 
from the radiographs.  The expansion velocity is a key metric of the impact event and a comparison of the Sierra Presto 
calculation is shown in Table 1.  It proved difficult to compare the axial expansion velocity between the test data and the 
calculation results from Sierra Presto.  The change in axial velocity is defined as the impact velocity minus the velocity of 
the debris front.  This was more easily compared and the results are shown below. 
 
Table 1 Sphere Expansion Velocity Comparison 
 Radial Expansion 
Velocity (km/sec) 
Change in Axial 
Velocity (km/sec) 
Measured 1.04 0.65 
Calculated 1.17 0.67 
 
Fig. 6 shows the shape of the sphere after penetration through the plate.  Note that only the SPH particles are shown in 
the figure.  The particle output was processed to obtain the fragment mass distribution, which was then compared to the test 
data.  The predicted normalized cumulative fragment mass distribution falls to the left of the test data indicating smaller 
fragment masses.  This suggests that the statistical material model parameter values are not independent of problem 
geometry and stress state.  To better understand the stress state of the two geometries, the time history output was examined. 
 
 
 
 
Fig. 6 Sphere Impact Sierra Presto calculation results  
 
Triaxiality is a useful metric for describing the stress state.  It is defined as the ratio of the pressure to Von Mises stress. 
Fig. 7 shows the triaxial results for the cylinder and sphere calculations.  The stress information was recorded at specific 
points called tracers over the duration of the calculation.  Two points, one at the midpoint and one halfway up the cylinder 
are shown on the left of the figure.  The arrival of the detonation wave at the middle of cylinder (tracer_t2) at ~12 Ps 
produces a triaxial value dominated by compression.  Note that in solid mechanics pressure is negative in compression.  The 
stress waves in the cylinder oscillate between compressive and tensile triaxial stress states, but ultimately attain a steady 
state.  The steady state is the same for different points in the cylinder and was 0.65.  This is close to the value for plane 
strain, 0.577 [15].   
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Fig. 7 Triaxiality of Cylinder and Sphere calculations
The development of stress in the sphere impact was more complicated.  The cylinder was axisymmetric with respect to
the explosive load and this resulted in a steady state that was spatially invariant.  The sphere impact caused a compressive
wave to propagate through the sphere. This can be seen in tracers T3, T4 and T5.  However, the interaction of the impact 
shock with the free surfaces of the sphere caused much more complicated triaxial stress states.  In the steady state, the
triaxial states did not attain the same value.  In Table 2 one can see that the triaxial values range from 1.76 to -0.73.  For 
comparative purposes, uniaxial stress has a triaxial value of 0.33 [15].  Therefore, it is clear that the stress state between the 
two scenarios differed considerably.
Table 2 Sphere Triaxial Steady State Values
Tracer Triaxiality
T2 1.76
T3 0.65
T4 -0.73
Conclusions
Analysis of two test scenarios was conducted using CTH and Sierra Presto with a Weibull compensated JC fracture
model.  The explosively loaded cylinder test was modeled in CTH to capture the fluid structure interaction of the explosive
and the AerMet100 cylinder.  The cylinder expansion velocity was consistent with the test data.  The explosive pressure was
extracted from the CTH calculation and applied to the finite element model in Sierra Presto.  This was done so that a
Weibull compensated JC fracture model could be used to simulate the subgrid physics that lead to fracture.  By varying the
Weibull modulus and a scale factor, an accurate fragment distribution was generated.
The sphere impact calculation did not involve an energetic material and thus only Sierra Presto was required to simulate
the impact.  Applying the parameters determined from the cylinder analysis to the sphere impact calculation did not produce
an accurate fragment distribution.  Analysis of the triaxial time histories showed that triaxial states of the two scenarios
differed considerably.
Since the JC fracture model is a function of triaxiality, this suggests that a parameter set based upon the JC fracture
model applies only to scenarios with similar triaxiality.  It is difficult to draw more specific conclusions from this single
comparison and more analysis is warranted in order to further quantify the potential limitations of this approach. 
Furthermore, this conclusion only applies to a statistically compensated JC fracture model approach.  For example, one
might apply a distribution to the quasi-static yield stress.  In that case, there should be no restrictions associated with
triaxiality.
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